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Abstract

Genosensor technology relying on the use of carbon and gold electrodes is reviewed. The key steps of each analytical procedure, namely
DNA-probe immobilisation, hybridisation, labelling and electrochemical investigation of the surface, are discussed in detail with separate
sections devoted to label-free and newly emerging magnetic assays. Special emphasis has been given to protocols that have been used wit
real DNA samples.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Molecular diagnostics based on the analysis of genomic
sequences have offered a highly sensitive and quantitative
The field of molecular diagnostics has expanded rapidly method for the detection of infectious disease pathogens
in the past decade, influenced greatly by the progress of theand genetic variation. Conventional methods for the anal-
Human Genome Project. As new genes are discovered and/sis of specific gene sequences are based on either direct
shown to be implicated in disease, primary patient diagno- sequencing or DNA hybridisation. Because of its simplicity,
sis, carrier detection and prenatal diagnosis will continue to DNA hybridisation is more commonly used in the diagnos-
increase exponentially. To improve patient care, molecular tic laboratory than the direct sequencing method. In DNA
diagnostic laboratories have been challenged to develop newhybridisation, the target gene sequence is identified by a
tests that are reliable, cost-effective and accurate and to opti-DNA probe that can form a double-stranded hybrid with
mise existing protocols by making them faster and more eco- its complementary nucleic acid with high efficiency and
nomical. Analysis of gene sequences and the study of geneextremely high specificity in the presence of a mixture of
regulation play fundamental roles in the rapid development many different, non-complementary, nucleic acids. DNA
of molecular diagnostics and in drug discovery. Detection probes are single-stranded oligonucleotides, labelled with
of infectious species and genetic mutation at the molec- either radioactive or non-radioactive material, to provide de-
ular level opens up the possibility of performing reliable tectable signals for DNA hybridisation. Radioactive labels
diagnosis even before any symptoms of a disease appearare extremely sensitive, but have the obvious disadvantage
Additionally, the development of novel therapeutics based of short shelf life, risks associated with exposure of person-
on the regulation of gene expression provides revolutionary nel to radiation, cost, storage and disposal problems. On the
new opportunities in the area of pharmaceutical science. other hand, non-radioactive probes, such as enzymatic or
luminescence labels, are less sensitive and flexible in terms
of design and application. Therefore, large-scale, routine

f ’fczzrelzpzosngg‘gsgg‘hor- Tek+44-1525-863005; clinic screening based on gene diagnostics is limited by

ax: +ad-1525- : . . the currently available technologies. Development of faster,
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ap.tumer@cranfield.ac.uk (A.P.F. Turner). simpler and label-free methods will significantly improve
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Recent advances in automated DNA synthesis and the2. Carbon electrodes
convenient site-specific labelling of synthetic oligonu-
cleotides with suitable functional moieties, coupled with  Several carbon-based surfaces have been investigated as
advances in microelectronics, have accelerated the devel-electrochemical transducers for DNA hybridisation biosen-
opment of biosensors for the analysis of specific gene sors. Carbon past&\ang et al., 1996a pencil lead \Wang
sequences. A biosensor is a device that incorporates aet al., 2000 and screen-printed electrodeddrrazza et al.,
biologically active layer as the recognition element and con- 2000 have been widely used by many groups to assemble
verts the physical parameters of the biological interaction DNA biosensors. Other electrodes, such as carbon fibre
into a measurable analytical signal. A DNA biosensor (or electrodes Caruana and Heller, 1999have been also
genosensor) employs an immobilised DNA as the recog- successfully employed. Although glassy carbon electrodes
nition element. Electrochemical DNA biosensors rely on are not suitable for direct detection of DNA oxidation
the conversion of the base-pair recognition event into a peaks, Cai et al., 199) their utility for direct covalent
useful electrical signal. Electrochemical devices are highly attachment of DNA probesMillan et al., 1992 or elec-
sensitive, inexpensive, easy-to-use, portable and compatiropolymerisation of probe-supporting redox hydrogels (
ible with microfabrication technologies. Thus, they seem Lumley-Woodyear et al., 199@has been demonstrated.
to be excellent candidates for the rapid and inexpensive To date, the use of disposable strips, that obviate the need
diagnosis of genetic diseases and for the detection offor a regeneration step, seem to be the most promising ap-
pathogenic biological species of clinical interest. The de- proach, since it meets the needs of decentralised genetic
tection of specific DNA sequences related to genetically testing.
modified organisms (GMO) is also an emerging monitoring

task. 2.1. Immobilisation of the DNA probe
Typically, the design of an electrochemical genosensor
involves the following steps: DNA probes are typically short (18—40-mer) oligonu-

cleotides that are able to hybridise with specific target se-
quences. While earlier work employed simple DNA probe
sequences as a model (e.g. oligo d(g) recent reports
describe the use of disease- or microorganisms-related
oligonucleotide sequences. Besides DNA probé&sng
Optimisation of each step is required to improve the et al. (1996bhas demonstrated that significantly enhanced
overall performance of the devices. Recently, the use of selectivity can be achieved by the use of peptide nucleic
magnetic beads has substantially changed the possibleacids (PNA) probes. Such DNA analogues, possess an un-
electrochemical hybridisation assay scenarios. The majorcharged pseudopeptide backbone (instead of the charged
problem of several biosensing formats (e.g. the non-specificphosphate-sugar backbone of natural DNA). Because of
adsorption of non-hybridised oligonucleotides onto the their neutral backbone, PNA probes offer greater affinity in
probe-modified electrode surface) has been overcome bybinding to complementary DNA, and improved distinction
conducting the hybridisation and the transduction steps atbetween closely-related sequences (including single-base
different surfaces (magnetic beads and unmodified elec-mismatches). Such mismatch discrimination has a particular
trodes, respectively). The efficient magnetic isolation of the importance in the detection of disease-related mutations.
duplex allowed the discrimination against non-hybridised The probe immobilisation step plays the major role in
DNA, including non-complementary sequences and an ex- determining the overall performance of an electrochemi-
cess of mismatched oligonucleotidédgng et al., 2001a; cal DNA biosensor. The achievement of high sensitivity
Palecek et al., 2002aNevertheless, in such assays the and selectivity requires maximisation of the hybridisation
electrode surface acted merely as an electrochemicalefficiency and minimisation of non-specific adsorption, re-
transducer and could not be considered as a true DNAspectively. Control of the surface chemistry and coverage
biosensor. is essential for assuring high reactivity, orientation, acces-
Recent progresses in the development of electrochemicalsibility and stability of the surface-confined probe as well
DNA-hybridisation biosensors have been summarised in as for minimising non-specific adsorption events.
some excellent reviewdP{vidori et al., 2000; Yang et al.,
1997; Wang, 2000; Palecek and Fojta, 2001; Palecek,)2002 2.1.1. Adsorptive accumulation
Hence, this review will be focused on electrochemical DNA  Adsorption at controlled potential is the simplest method
biosensors and sensors developed using carbon and goldo immobilise DNA (or PNA) probes onto pretreated
electrodes as the transducer. Each step in the assays proc&arbon-based surfaced/éng et al., 1996a; Marrazza et al.,
dure will be discussed in detail, highlighting advantages and 1999; Erdem et al., 1999The method does not require
disadvantages of different methods. Special emphasis will special reagents or nucleic acid modifications. An oxidative
be given to papers describing the analysis of real samplespretreatment of carbon surfaces is necessary to enhance
(e.g. PCR products). the adsorptive accumulation of DNAMang et al., 199b

(1) immobilisation of the DNA probe;

(2) hybridisation with the target sequence;

(3) labelling and electrochemical investigation of the
surface.



F. Lucarelli et al./Biosensors and Bioelectronics 19 (2004) 515-530 517

On the other hand, the potential applied during immobil- oxidised glassy carbon surfaces by using a water-soluble
isation (generally+0.5V versus Ag/AgCl) enhances the carbodiimide. Experimental results suggested that covalent
stability of the probe through the electrostatic attraction binding to the electrode surface occurred through guanine
between the positively charged surface and the negativelybases of DNA. The immobilisation process was monitored
charged sugar-phosphate backbone of DN¥aKg et al., by using Co(bpyy®*, a minor groove binder that was pre-
19983. The inherent oxidation signals of DNA bases onto concentrated at the electrode surface because of its inter-
carbon surfaces can be used to monitor the immobilisa- action with DNA. The immobilisation chemistry was later
tion process. However, using this immobilisation proce- improved by employindN-hydroxysulfosuccinimide (NHS)
dure, stringent washing steps (necessary to insure a highwith a water-soluble carbodiimide (EDC) reagent to activate
selectivity against mismatched sequences) cannot be percarboxylate groups on the glassy carbon electrode surface
formed, because of the desorption of the non-covalently (Millan and Mikkelsen, 1998 Single-stranded DNA was
bound hybrid. Moreover, because of the multiple sites of covalently bound to these groups through deoxyguanosine
binding, most of the immobilised DNA probe is not ac- residues.

cessible for hybridisation, resulting in poor hybridisation Carbon paste electrodes, modified by inclusion of 5%

efficiency. stearic acid, were also explored for covalent immobilisation
of DNA (Millan et al., 1994. The selected DNA probe,
2.1.2. Bulk-modification of carbon paste enzymatically elongated at th€-8nd with dG residues,

Wang et al. (1998bjeported the use of oligonucleotide was immobilised at stearic acid-modified electrodes by us-
bulk-modified carbon paste electrodes. The DNA probe ing the water-soluble carbodiimide and NHS to activate
was immobilised onto titanium oxide-coated silica beads the carboxylate groups on the surface. Such a covalent
(through the reaction between the titanium oxide with immobilisation procedure resulted in a high hybridisation
the phosphate backbone of the oligonucleotide) and thenefficiency of the immobilised DNA probes; moreover, the
uniformly dispersed within a carbon paste matrix. The im- regeneration of the probe-modified surface was achieved by
mobilised probe retained its hybridisation activity despite simple rinsing in hot water.
the confinement in the interior of the carbon paste; each The covalent immobilisation of synthetic oligonu-
measurement was performed on a new surface, obtained bycleotides having a C6 spacer and a terminal amino group
a simple extrusion/polishing procedure. onto conductive polycarbonate/carbon fibre electrodes was

explored by Schilein et al. (2002)The immobilisation
2.1.3. Attachment of biotinylated probes to avidin-coated proceeded through the formation of amide bonds between
surfaces the carboxylic functionality at the electrode surface and the

Mascini's group reported the immobilisation of syn- amino-terminal end of the oligonucleotides. The electrode
thetic oligonucleotides onto disposable carbon strips using coverage was estimated using fluorescein-labelled oligonu-
an avidin—biotin based procedurkldrrazza et al., 1999 cleotides.

This procedure involved the controlled formation of avidin

layers (by adsorption) onto the electrode surface and the2.1.6. Attachment to polymer-coated surfaces
subsequent binding of the DNA probe biotinylated at the  Heller's group reported the immobilisation of short
5-end. However, the avidin layer inhibited the electro- oligonucleotides onto a film of a polyacrylamide-based
chemical oxidation of the daunomycin, the indicator used electron-conducting redox hydrogel formed onto a vitreous
to detect the hybridisation; a shorter and simpler immobili- carbon electrodedge Lumley-Woodyear et al., 1996The
sation by adsorption at controlled potential allowed a better DNA was covalently bound by carbodiimide coupling to the

reproducibility and sensitivity. hydrazine functionality of the hydrogel surface. Improved
results were obtained by using auih-diameter carbon

2.1.4. Coupling of biotinylated probes to colloidal fibre electrode Caruana and Heller, 1999In this case,

gold-neutravidin conjugated layers the redox polymer was first electrophoretically deposited

An array, consisting of 10 screen-printed carbon elec- onto the microelectrode and then a carbodiimide-activated
trodes, was described bWojciechowski et al. (1999) single-stranded probe was electrophoretically deposited
Carbon electrodes were first modified with a colloidal gold- and covalently attached to the redox-polymer film. The
neutravidin conjugated layer. This platform allowed the immobilisation process was monitored via the increased
development of different protocols for the electronic detec- separation of ferrocenemethanol peak potentials.
tion and quantification of nucleic acids, based on the use The same group described the modification of car-
of biotinylated DNAs and a horseradish peroxidase (HRP) bon electrodes with a film of coelectrodeposited avidin
enzyme label. and redox polymer. Incorporation of avidin into the

electron-conducting hydrogel provided a platform to which
2.1.5. Carbodiimide covalent binding to activated surfaces biotinylated oligonucleotides could be promptly and simply

Millan et al. (1992)reported the covalent immobilisa- attached Campbell et al., 2002 This immobilisation pro-

tion of synthetic oligonucleotides onto electrochemically cedure resulted in an higher probe hybridisation efficiency,
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in comparison with that of previously reported covalently
bound probes.

Wang et al. (1999¥escribed the doping of nucleic acid
probes within polypyrrole (PPy) films electropolymerised
(by cyclic voltammetry scans) onto glassy carbon elec-

F. Lucarelli et al./Biosensors and Bioelectronics 19 (2004) 515-530

solid surfaces\ang et al., 1997a)bwith the hybridisation
response rapidly increasing upon raising the accelerator
concentration. Nevertheless, Lucarelli et al. observed a dra-
matic increase of the non-specific adsorption of the target
oligonucleotide as a result of the addition of this compound

trodes. Anionic oligonucleotide probes served as the soleto the hybridisation buffer.

charge-compensating counter ion during the growth of

PPy films, retaining their hybridisation activity upon the
entrapment.

2.2. Hybridisation with the target sequence

At present, the sensitivity of electrochemical DNA biosen-

A sequence length related effect on hybridisation kinetics
was reported bywWang et al. (1996a)The reduced assay
sensitivity associated with the use of a longer probe and
target was attributed to steric hindrance influencing the hy-
bridisation efficiency as well as to the slower target mass
transport rate toward the probe-coated surface.

The rate of hybridisation is essentially independent of

sors does not generally allow the direct analysis of genomic pH (Hames and Higgins, 1985However, hybridisation

DNA. Almost all papers oriented towards the development
of DNA hybridisation sensors deal with model, relatively

experiments are, usually, carried out in phosphate (pH
7.0) or citrate (2x SSC, pH 7.4) buffers. The interaction

short, oligonucleotide sequences. Only a few authors havebetween the target sequence and the immobilised probe

reported the coupling of biosensors with a DNA amplifica-

has been performed both by applying a potentidbig

tion method (e.g. PCR) to obtain reliable measurements ofet al., 1996a, 1997a,kand under open circuit conditions

clinical interest Marrazza et al., 2000; Azek et al., 2000;

Authier et al., 2001; Meric et al., 2002; Lucarelli et al.,

2002. Direct, enzyme-based, detection of DNA or RNA

with no PCR pre-amplification has rarely been reported
(Downs et al., 1988; Wojciechowski et al., 1999

(Marrazza et al., 2009 the incubation time ranged from
2min to 1 h depending on the assay format.

In order to prevent the non-specific adsorption of un-
wanted solution constituents onto transducer surfaces,
the use of blocking agents has been also proposied (

Once re-association of two complementary strands hasLumley-Woodyear et al., 1996; Authier et al., 2001

commenced, fast zippering enables the formation of succes-

Biosensor selectivity has been assessed by monitoring

sive base-pairs. The kinetics of the hybridisation reaction their response in the presence of non-complementary se-
at solid surfaces have been reported to be slower than hy-quences as well as mixtures containing the target sequence

bridisation in solution Bunemann, 1982 due to the lower
accessibility of the immobilised DNA probes.

Several variables affect the hybridisation event at the
transducer-solution interface. These include salt concen-

and various non-complementary strands or chromosomal
DNAs (Wang et al., 1996a

2.2.1. PCR samples

tration, temperature, the presence of accelerating agents, Due to the complexity of the matrix, PCR samples have

contact time and length of probe sequence.

to be diluted or purified before analysis. Double-stranded

The rate of hybridisation reaction is strongly dependent PCR products also have to be thermally denatured in order
on the ionic strength: the kinetics dramatically increase uponto obtain two single-stranded fragments, one of which is

raising the salt concentration to 3.2 Mgmes and Higgins,
1985. Wang et al. (1996a, 1997a,dgmonstrated that, by
adding NacCl to the hybridisation solution, the analytical sig-

able to hybridise with the immobilised probe. The higher
steric hindrance of the amplified target sequence reduced
the hybridisation kineticNlarrazza et al., 2000 Amplicon

nal was greatly enhanced. It has to be pointed out that, in anre-annealing also decreased the availability of the ampli-
indicator-free assay, a dramatic increase of the non-specificfied target sequence and it was thus responsible of the
adsorption of the target oligonucleotide was observed at thelower hybridisation efficiency. In order to avoid amplicon

electrode surface as a result of the increased ionic-strengthre-annealing interference, Wojciechowski and co-workers

(Lucarelli et al., 2002 Moreover, high salt concentrations

proposed the conversion of double-stranded PCR products

stabilise mismatched duplexes. Thus such hybridisation con-into single-stranded fragments by enzymatic digestion of
ditions can not be applied when the detection of single-baseinterfering strand\(Vojciechowski et al., 1999

mutations is required.

Temperature also strongly affects the hybridisation
rate. Maximum Kkinetics are observed at 20=€5below
the DNA-DNA duplex melting temperaturéHémes and
Higgins, 198%. From a practical point of view, stringent
control of temperature and ionic strenghfiifan et al., 1994;
Caruana and Heller, 1999uring the assay facilitates dis-
crimination between full matching and mismatching hybrids.

Wang et al. reported that the presence of the guanidine-HCI

In the case of real samples analysis, biosensor selec-
tivity has been assessed by monitoring their response in
the presence of PCR blank or amplicons unrelated to the
immobilised probe.

2.3. Labelling and electrochemical investigation
of the surface

The hybridisation event is commonly detected via an

accelerator greatly facilitated the hybridisation reaction at increase in the current signal of an electroactive indica-
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tor (that preferentially binds the double-stranded DNA), biosensor described biarrazza et al. (2000kuccess-

in conjunction with the use of enzyme or redox labels, or fully detected apolipoprotein E genotypes in DNA samples
from other hybridisation-induced changes in electrochem- extracted from whole human blood and amplified by PCR.

ical parameters. Several electroanalytical methods have 0Ozsoz's group reported the use of methylene blue (MB)
been investigated for transducing the hybridisation event as hybridisation indicator. MB strongly associated with the
at carbon surfaces. Recent applications rely on the use offree guanine bases of single-stranded DNA: the indicator
the most sophisticated, sensitive and fast techniques, in-peak decrease, following hybridisation, thus reflected the
cluding differential pulse voltammetry (DPV), square wave extent of duplex formation. The capability of MB to detect

voltammetry (SWV) and potentiometric stripping analysis single-base mutations in short synthetic oligonucleotides

(PSA). (Erdem et al., 2000and sequences related to TT and Hep-
atitis B virus (HBV) in amplified PCR samplesviéric
2.3.1. Intercalative compounds/groove binders et al., 2002 was also demonstrated with the use of DPV

Early devices were based on the use of electroactive hy-and SWV, respectively.
bridisation indicators Nlikkelsen, 1998. Such indicators
are small electroactive DNA-intercalating or groove-binding 2.3.2. Enzyme labels
compounds, that possess much higher affinity for the Enzyme labels have been widely used in affinity biosen-
surface-formed hybrid compared to the single-stranded sors, particularly in immunosensors. The use of such a labels
DNA probe. Accordingly, the concentration of the indicator greatly amplify the hybridisation signals, offering consider-
at the electrode surface increases when the hybridisationable promise for ultrasensitive electrochemical detection of
occurs, resulting in increased electrochemical response. INDNA hybridisation. A HRP-labelled DNA probe was used
most cases however, the indicator association time has toby Heller's group in combination with the covalent immobil-
be judiciously chosen. As the binding period increases, theisation of the target sequenoae( Lumley-Woodyear et al.,
hybridisation signal rises rapidly at first and then decreases.1996. Upon hybridisation, the enzyme was electrically
Such a decrease in the hybridisation response was attributedwired” to the electrode surface andh8, was detected by
to the increased background peak signal and not to an actuabmperometry. The themostable soybean peroxidase (SBP),
decline of the absolute respon&¥gng et al., 1996a covalently bound to target oligonucleotides, was also used

The minor groove binder Co(bpydt has been used by by Heller's group for the enzyme-amplified amperomet-
Mikkelsen’s group for detecting the cystic fibrosdd=508 ric detection of DNA hybridisation Garuana and Heller,
deletion sequenceMillan et al., 1994. Surface hybridis- 1999. The accurate control of assay temperature allowed
ation, performed at 42C, allowed discrimination between an easy discrimination between full-matching, single-base
the full complementary target sequence and the disease seand four-base mismatching sequences. The hybridisation
quence (with three-base deletion). Co(kgy)has beenalso  reaction was monitored in real time. About 34000 copies
used byWang et al. (1997afo detect sequences related to of SBP-labelled hybrid could be detected in a 10 min assay.
a bacterial pathogen. Heller's group also reported an enzyme-amplified amper-

Co(phe}3* is another attractive indicator, due to its low ometric sandwich test for RNA and DNACampbell et al.,
peak potential and its greatly enhanced peak following the 2002. DNA or RNA sequences were simultaneously al-
hybridisation Wang et al., 1997c This compound has lowed to hybridise with a HRP-labelled detection sequence
been widely used to detect sequences related to bacteriabnd the surface-confined probe. A decrease in th&;H
(Wang et al., 1997b, 1998kand viral pathogensEfdem electroreduction current indicated the presence of the ana-
et al., 1999; Wang et al., 1996a&hronopotentiometric de-  Iyte DNA or RNA in solution.

tection of the Co(phe§t or Co(bpy3" markers resulted An electrochemical enzyme-amplified hybridisation
in detection limits of 0.0wg/ml of oligonucleotide target  assay for the detection of human cytomegalovirus DNA
sequenceWang et al., 1997a in PCR samples was described by Brossier's groApek

Another useful redox-active indicator is the intercalating et al., 2000. The biosensor format involved: (a) adsorp-
anthracycline antibiotic daunomycin. A detection limit of tion of denatured PCR products (target) onto the sensing
0.01pg/ml of target sequence was reported for the linear area of a screen-printed carbon electrode; (b) hybridisation
sweep voltammetric measurement of this label interca- with a short, biotinylated, DNA probe; (c) hybrid labelling
lated between the base pairs of a surface-formed hybridwith a streptavidin-conjugated HRP; (d) differential pulse
(Hashimoto et al., 1993aThe differential pulse voltam-  voltammetric detection of the enzyme-generated product.
metric measurement of the daunomycin peak potential shift The electrochemical method showed a higher sensitivity
(hybrid versus probe) was used by Mascini’'s group to compared with the agarose gel electrophoresis quantifica-
detect the presence and the amount of complementary setion and a microtiter plate-based spectrophotometric hy-
quence Klarrazza et al., 1999 Nevertheless the shift was bridisation assay;.8 x 10° copies/ml of amplified human
not reproducible and more tharpg/ml of complementary  cytomegalovirus DNA (406 bp) could be detected.
sequence were necessary to confirm the hybridisation. In  Alegret's group designed an enzyme-labelled amper-
contrast, the daunomycin-based chronopotentiometric DNA ometric genosensor based on a concept adapted from
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classical dot-blot DNA analysisPfvidori et al., 2001 The 2.3.3.2. Osmium complexDirect covalent labelling of
analytical procedure consisted of five steps: (a) DNA target DNA target sequence with osmium tetroxide, Zyipyridine
immobilisation by adsorption onto a nylon membrane; (b) has been proposed by Palecek’s group Seetion 2.%.
hybridisation between the target DNA and the biotinylated
probe; (c) hybrid labelling with a streptavidin-conjugated 2.4. Indicator-free approach
HRP; (d) integration of the modified membrane onto a
graphite-polymer composite electrode transducer; (e) am- Increased attention has been given recently to direct,
perometric detection of $0,. Sensor selectivity against a label-free electrochemical detection schemes. Such direct
three-base mismatched oligonucleotide probe was demon-detection can be accomplished by monitoring the changes
strated. The ssDNA-modified membrane could be conservedin some electrical parameter accrued from the hybridisation
for at least 3 months (atA) without a significant decrease event. Such schemes greatly simplify the sensing protocol,
of performances. as they eliminate the use of indicators. Moreover, the assay
Two different enzymatic approaches, for the detection safety is improved, since the indicators are usually toxic or
and guantification of nucleic acids, have been reported by carcinogenic compounds. The first indicator-free scheme
Wojciechowski et al. (1999)The first one allowed the de- was introduced byVang et al. (1996¢)The hybridisation
tection of DNA or RNA with no PCR pre-amplification. It ~was detected by monitoring the decrease of the guanine
required two probes, specific for the target sequence, namelypeak of the immobilised probe (e.g. oligo d¢g) follow-
a biotinylated capture probe and a fluorescein-labelled ing the addition of the complementary oligo d¢g}arget.
detector probe. The target was first hybridised with both However, this procedure was not applicable in most cases
probes and captured on a neutravidin-modified sensor sur-(e.g. for guanine containing targets). Such a limitation has
face. The ternary complex was then incubated with an been overcome by developing a new approach based on the
anti-fluorescein HRP conjugate and detected by measuringuse of inosine-modified (guanine-free) prob®#ga(g et al.
the product of the enzymatic reaction. The second approach1998a, 2001a; Wang and Kawde, 20QLcarelli et al.,
could be used to detect and quantify double-stranded PCR2002. The inosine moiety still forms a specific base-pair
products without a hybridisation step. This method relied with the cytosine residueCasegreen and Southern, 1994
on the specificity of a PCR amplification procedure. One but its electroactivity is about three orders of magnitude
PCR primer must be modified at theénd with fluorescein  lower then that of guaninerborp, 1998. This results in a
and the second primer must be labelled at therlsl with flat baseline (around-1.0V) for the probe-modified elec-
biotin. Thus, the resulting PCR product could be directly trode. The duplex formation was thus detected through
captured on the sensor, reacted with an anti-fluoresceinthe appearance of the guanine oxidation peak of the tar-
HRP conjugate and detected. Intermitted pulse amperome-get sequence, following hybridisation. Detection limits of
try was the novel electroanalytical technique developed for 0.12pg/ml of oligonucleotide target sequence were re-
multichannel measurements involving a multiarray sensing ported for an indicator-free hybridisation biosensor based
platform. The assay selectivity was assessed by single-pointon the chronopotentiometric measurement of the target
mutation detection in the human factor V gene. Attomoles guanine signal\ang et al., 1998a The utility of such a
sensitivity (without PCR pre-amplification) or the detection label-free biosensor for the detection of single-base mutated
of 50 target molecules (when PCR amplification was used) oligonucleotide has been also demonstratdtrg et al.,
have been reported with a 15-30 min analysis time. 2001a; Wang and Kawde, 200ucarelli et al., 2002 A
similar biosensor was used by Lucarelli et al. to detect the
2.3.3. Direct covalent labelling of DNA target sequence sequences encoding for apolipoprotein E in DNA samples
extracted from whole human blood and amplified by PCR.
2.3.3.1. Gold nanoparticles.Brossier’s group reported the A different label-free approach, based on doping
use of thiol-modified DNA probes anchored (by chemisorp- nucleic-acid probes within conducting polymer films, was
tion) to gold nanoparticleuthier et al., 200L The method also proposed bywang et al. (1999) Distinct transient
was applied for the sensitive quantification of an amplified hybridisation current peaks, with opposite directions in
406 bp DNA sequence related to human cytomegalovirus. the presence of complementary and non-complementary
The assay consisted of four steps: (a) passive adsorption o DNA sequences, were obtained as a result of the changed
the denatured amplified target on the walls of a polystyrene conductivity of the host PPy network. Short hybridisation
microwell or the sensing area of a screen-printed electrode;periods (a few seconds) allowed the detection wod/(nl)
(b) hybridisation with the oligonucleotide probe conjugated target sequence.
to a colloidal gold nanoparticle; (c) chemical or electro-
chemical oxidation of the gold; (d) anodic stripping voltam- 2.5. Biomagnetic assays
metric detection of the released Ruons at sandwich-type
screen-printed microband electrodes. A detection limit of  The concept of the biomagnetic assay has been coupled,
6 x 10° copies of 406 bp amplified sequence was achieved for instance, with the label-free detection approadtaiig
with 30 min hybridisation time. et al., 2001a The biosensor format involved: (a) capture
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of the biotinylated, inosine-substituted DNA probe onto the electrochemical measurement damages the DNA probe;
streptavidin-coated magnetic spheres; (b) hybridisation moreover, electrode surface fouling due to the use of elec-
with a guanine-containing target; (c) magnetic separation troactive indicators is often irreversiblé/ang et al., 1996a
of the surface-confined hybrid from the solution containing To overcome the problems associated with this ineffective
non-hybridised oligonucleotides; (d) alkaline denaturation and time-consuming procedure, many groups have focused
of the hybrid (with the release of the target); (e) subsequenton the development of biosensors based on renewable pen-
adsorptive stripping detection of the target guanine oxida- cil lead electrodesWang and Kawde, 20Q%r “one-shot”
tion peak onto bare carbon electrodes. Detection limits of disposable stripsMarrazza et al., 2000
0.10p.g/ml were reported for the label-free genomagnetic
assay.

An enzyme-linked genomagnetic hybridisation assay was 3. Gold electrodes
later proposed byVang et al. (2002) The new protocol
employed probe-modified magnetic beads able to hybridise Almost all papers describing electrochemical genosensors
(in solution) with a biotinylated DNA target. After hybrid are based on the use of commercially available electrodes
labelling with streptavidin-conjugated alkaline phosphatase, obtained by sealing gold wires into plastic supports. Never-
the enzyme-generated-naphtol was detected at bare theless, mechanical and chemical procedures to regenerate a
screen-printed electrodes by using DPV. The bioanalytical new, bare, electrode surface after some measurement cycles
assay was applied for the detection of short sequences reare tedious and time consuming. A large number of uniform
lated to breast-cancer BRCAL; a detection limit ofudfl gold electrodes is required for the practical evaluation of
was achieved. Analogous probe-modified beads have beerreal samples. The availability of disposable printeingk
used to detect DNA hybridisation in connection with the et al., 200} and photolithographedHashimoto et al., 1998;
precipitation of silver onto gold nanoparticle tags and sub- Xu et al., 200) gold electrodes greatly facilitates biosensing
sequent electrochemical stripping detection of the dissolved protocols. As in the case of disposable carbon strips, dispos-
silver onto thick-film carbon electroded/ang et al., 2001 able gold electrodes also obviate the need for a regeneration
The procedure consisted of hybridisation of probe-modified step so that their future use for decentralised genetic testing
beads with biotinylated target, which were subsequently can be easily envisioned.
coupled with streptavidin-coated 20 nm colloidal gold. Cat-
alytic precipitation of silver onto gold nanoparticles greatly 3.1. Immobilisation of the DNA probe
amplified the PSA signal; a detection limit of 0.2 ng/ml of
BRCAI1 breast cancer gene related sequences was reported. The kinetics of nucleic acid hybridisation at solid surfaces

Palecek et al. (2002a,dscribed a magnetic beads-based, are directly linked to the accessibility of the DNA probe.
enzyme-linked immunoassay for the detection of the DNA For this reason is desirable to attach nucleic acids cova-
hybridisation event. Paramagnetic beads, with covalently lently to the electrode surface through one of the ends of the
bound a (dT)s probe, were used for the hybridisation with DNA chain. Use of this approach can lead to probe struc-
target DNAs (synthetic 67-, 97-mer and PCR products) ture flexibility with respect to change in its conformation
containing adenine stretches. Target DNAs were previ- when hybridisation take plac&dng et al., 199 Random
ously modified with osmium tetroxide, 2;Bipyridine and covalent binding of DNA to electrode surfaces, involving
the immunogenic Os(bipy)-DNA adducts were determined chemical modification of the bases, decreases the specificity
by enzyme-linked immunoassay. The enzyme-generatedof the recognition layer and therefore is not recommended
a-naphtol was detected at bare carbon electrodes by usingPalecek and Fojta, 20D1Self-assembly provide one of the
linear sweep voltammetry. Alternatively, Os(bipy)-modified most elegant approaches to obtain well defined and organ-
targets were directly detected by measuring the osmiumised surfaces that can be an excellent platform for biosensor
square wave voltammetric signal at pyrolytic graphite elec- applications. General features of self-assembled monolay-
trodes. A comparison between determination of the 67-mer ers (SAMs) onto gold surfaces have been summarised in
target at carbon electrodes using: (a) the guanine oxidationseveral papers and reviewSkidsey and Loiacono, 1990;
signal (label-free detection of unmodified target); (b) direct Wink et al., 1997; Chaki and Vijayamohanan, 2pGhd
determination of the Os(bipy)-DNA adduct and (c) its elec- have been briefly covered in the following section. Even
trochemical immunoassay, showed immunoassay to be themore elegant approaches involve the direct chemisorption
most sensitive method (detection limit: 5ng/ml). Amplicons of thiol-modified DNA probes onto gold surfaces.
of 226 bp were also successfully detected by immunoassay
with high sensitivity and specificity. 3.1.1. Self-assembled monolayers onto gold surfaces:

In most cases the electrochemical DNA biosensors de-general features
scribed are not reusable. Thermal or chemical regeneration The self-assembly of sulfur-containing molecules was
of the surface-bound DNA probe often results in the desorp- characterised by Nuzzo and Allara almost 20 years ago
tion of the probe itself or in a severe decrease in the probe (Nuzzo and Allara, 1983 Disulfides, sulfides and thiols
hybridisation efficiency (Vang et al., 1998b Sometimes, coordinate very strongly onto a variety of metals, e.g. gold,
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silver, platinum or copper. Nevertheless, gold is the most the presence of water-soluble carbodiimide reagent, the
favoured because it is reasonably inert. The assumed reac5'-terminal phosphate of ssDNA formed a phosphoramidate
tion between a thiolate compound and a gold substrate is bond with primary amino group of aminoethanethiol mono-
_ layer. Probe surface density was regulated by producing a
RSH+AU < RS-Aut-e” +H” mixed self-assembled monolayer of aminoethanethiol and
Although dense monolayers assemble in less then 1 h, wellhexylmercaptan. Probe immobilisation was confirmed by
ordered monolayers can take days to foBaif et al., 1989 CV of [Fe(CN)]3/[Fe(CNX]*~ redox couple (see next
An uncontaminated gold surface is important but not es- section) and IR spectroscopy.
sential for the chemisorption; the high affinity of the thiol Oligonucleotide probes were covalently attached onto a
moiety for gold even displaces contaminanfgirtk et al., 3-mercaptopropionic acid (MPA) self-assembled monolayer
1997. Nevertheless, as a precaution, gold disk electrodesusing NHS and a EDC by Ozsoz and co-workéfsr(nan
are, usually, mechanically polished with alumina, sonicated et al., 2002. The activation of the MPA-modified electrodes
and etched in acidic or alkaline solutions to remove possible left the SAM surface terminated with a succinimide ester,
contaminants. This treatment is also important to produce which was susceptible to nucleophilic attack from free amino
a hydrophilic gold surface. Residual contaminants on bare groups of DNA bases to form a peptide bond. The differential

gold can be removed by repeated cycling in dilutedsiy pulse voltammetric signal of MB was used to investigate the
(Hashimoto et al., 1994bor diluted KOH @oki et al., surface coverage.

2000 until stable voltammograms are obtained. Clean gold  Carbodiimide covalent coupling of a carboxylic acid-
shows a characteristic anodic peak current nearlV tagged oligonucleotide to cysteamine monolayer-modified
(versus SCE) and a single cathodic peak ne@r9V in gold electrodes has been reported by Willner and co-workers
dilute sulfuric acid solutionsHinklea et al., 198 (Bardea et al., 1999a

The mole ratio of a mixture of thiols in solution results
in the same ratio at the self-assembled surface, thus indicat-3.1.3. Direct self-assembly of alkanethiol-functionalised
ing that the components do not phase segregate into islandgrobes
(Bain and Whitesides, 1989This interesting feature can be Synthetic oligonucleotides can be modified with ‘a 5
exploited to immobilise biomolecules in such a manner that terminal hexanethiol group or, alternatively, with ‘ap3o-
steric hindrance between these molecules and their bindingpanethiol group. The sulfur containing oligonucleotides are
partners is avoided. generally shipped as disulfides [DNA—(@}g-S—-S-DMT
Monolayers are stable in the potential range fre#00 or DNA—(CHp)3—S-S—(CH)3—OH] to minimise the po-
to +1400mV (vs SCE) in dilute sulfuric acid solutions tential for oxidation resulting in oligo dimer formation.
(Finklea et al., 198) thus allowing electrochemical appli- Prior to use, the disulfide linkage must be cleaved by using
cations. The careful selection of the terminal functionalities dithiothreitol (DTT); the excess of DTT and the protecting
of the monolayers and the proper surface chemistry allows groups (dimethoxytrityl (DMT) and propanol) can be re-

a tremendous flexibility in biosensor design. moved by size exclusion separatidPafolsky et al., 2001

or extraction with ethyl acetatX( et al., 1999. The use of
3.1.2. Carbodiimide covalent coupling to preformed non-deprotected, hexanol disulfides, 20-mer DNA probes
self-assembled monolayers has been, however, reporteieftesz et al., 2000

Three different types of thiols (hydroxyl, amino and Chemisorption of thiol-derivatised, single-stranded DNA
carboxyl-terminated) were explored B#hao et al. (1999)  probes onto gold substrates has been extensively characteri-
for optimal covalent immobilisation of DNA. Hydroxyl and  sed by Herne and co-workers, by using XPS, ellipsometry,
amino-terminated SAMs were coupled tofhosphate-end  32P-radiolabeling, neutron reflectivity and electrochemical
of DNA, while carboxyl-terminated one to thé-Bydroxy- methods KHerne and Tarlov, 1997; Levicky et al., 1998;
end of the nucleic acid by a water soluble carbodiimide. Steel et al., 1998 Similarly to long-chain alkanethiols, the
The influence of different terminal groups of SAMs was in- full surface coverage by a monolayer of thiol-derivatised
vestigated by X-ray photoelectron spectroscopy (XPS) and DNA (HS-ssDNA) can be attained in about 2 h. The ionic
cyclic voltammetry (CV). Both XPS and CV data confirmed strength of HS-ssDNA solutions was found to have a
that the hydroxyl-terminated SAM was more suitable for profound effect on surface coverage, with chemisorption
covalent attachment of DNA. greatly enhanced at high salt concentrations. Authors pos-

The carbodiimide covalent coupling of a 8-mer oligonu- tulated that intermolecular electrostatic repulsion between
cleotide to a previously self-assembled monolayer of neighbouring DNA strands was minimised under the high
cysteamine was described by Johansson and co-workersonic strength conditions, as the charged strands were better
(Berggren et al., 1999 electrostatically shielded. More precise control over surface

A synthesised 24-mer oligonucleotide was covalently coverage and probe availability was achieved by creating
immobilised onto a self-assembled aminoethanethiol mono- mixed monolayers of the thiol-modified DNA probe and
layer modified gold electrode, using a water-soluble car- a spacer thiol, mercaptohexanol (MCH), by a two-step
bodiimide by Fang and co-worker§iin et al., 1998 In method, where first the gold substrate was exposed to a
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micromolar solution of HS-ssDNA, followed by expo- a printed circuit board, along with reference and auxiliary
sure to a millimolar solution of MCH. The post-treatment electrodes (to complete the electrochemical cell) was used
with MCH displaced non-specifically adsorbed HS-ssDNA to assemble such a monolayer.
molecules, e.g. those molecules that interacted with the The extent of surface coverage by the DNA probe can be
surface also and only through nitrogen-containing bases.conveniently determined by electrochemical methods. The
Neutron reflectivity measurements demonstrated that aftermost widely used is a method based on the cyclic voltam-
post-treatment with MCH, DNA molecules “stand up” con- metric measurement of the [Fe(G§ /[Fe(CN)]*~
sistently with the primary attachment through the thiol-end faradic responséHashimoto et al., 1994b; Steel et al., 1998;
group becoming accessible for specific hybridisation. Au- Kelley and Barton, 1997; Xu et al., 2001; Nakayama
thors observed also that hybridisation of surface-bound etal., 2002. The peak currents of the redox couple decreased
HS-ssDNA was dependent on surface coverage; the com-and the peak-to-peak separationHp) increased when
plementary sequences could not access to surface boungrobe-modified electrodes were used and compared with
probe when steric and electrostatic hindrance, arising from bare electrodes. The shielding of the ferro—ferri-cyanide ions
too tightly packed HS-ssDNA molecules, was too high. A from the DNA-modified surface was attributed to a combina-
hybridisation efficiency of about 100% was estimated for tion of physical coverage by the ssDNA and the electrostatic
the optimised HS-ssDNA/MCH mixed monolayer. repulsion between the negatively charged redox couple ions

Monolayers of thiol-modified DNA were reported to and the DNA phosphate backbonéafg et al., 1998
be electrochemically stable in a different potential win-  Takenaka et al. (2000gported an indirect quantification
dow (—0.7 to +0.7V versus SCE) compared to those method based on the HPLC analysis of the excess of DNA
of long-chain alkanethiols Kglley and Barton, 1997 remained unadsorbed.
Hashimoto and co-workers pioneered the use of thiol-
modified DNA probes for electrochemical sequence-specific 3.1.4. Direct self-assembly of phosphorothioester-modified
gene detection almost 10 years adgaghimoto et al., probes
1994h. Nevertheless, most of recent publications follow A 16-mer probe, modified with five successive phos-
Herne and Tarlov “guidelines”. Self-assembly of thiol- phothioate bonds from its’fend, was used to prepare
modified probes (1-200M solutions) onto gold transduc- the sensing interface by lhara and co-worké¥akayama
ers was allowed to proceed for times ranging between 2 et al., 2002. Sulphating was accomplished on the oxida-
and 24h. MgQGl containing DNA probe solutions were tion step in usual nucleotide synthesis. Five phosphoth-
also used to achieve tight packing of the probe onto the ioates were introduced because the affinity of this group
electrode surfaceA@ki et al., 2000; Boon et al., 2002 to gold was weaker than that of a thiol. The newly devel-
Improved sensitivity has been achieved, however, by pro- oped immobilisation chemistry was characterised by CV
ducing low density probe-modified surfaces. Hashimoto of ferro—ferri-cyanide redox couple, IR spectroscopy and
et al., proposed the immobilisation of a synthetic 20-mer quartz crystal microbalance (QCM). A hybridisation effi-
dsDNA and the subsequent regeneration of a free DNA ciency lower than 10% was observed. The 18-mer probes,
probe by duplex alkaline denaturatiohlgshimoto et al., containing five thiophosphate thymines, were also used by
1998. The immobilisation of a 20-mer probe, with the sub- Willner and co-workersHatolsky et al., 1999; Bardea et al.,
sequent masking of the unmodified gold regions with mer- 1999b; Alfonta et al., 2001 The 18-mer oligonucleotides,
captoethanol spacers, has been reporfedegnaka et al.,  modified by a phosphorothioate group either at itsrdoth
2000; Kertesz et al., 2000A mixed monolayer of 10-mer 3 and 58 terminals, were used by Hianik and co-workers to
cysteine-conjugated PNA probe and 6-mercapto-1-hexanolmodify gold electrodesHianik et al., 2001 The sensors
was used by Umezawa and co-workers to modified gold were subsequently exposed to 11-mercaptoundecanoic acid
disk electrodesAoki et al., 2000). solution to mask unmodified gold regions.

Short thiols produce defective monolayers, which allow
electrochemistry to occur at the underlying gold elec- 3.2. Hybridisation with the target sequence
trode. On the contrary, the detection scheme proposed by
Barton and co-workers required the immobilisation of du-  Variables affecting the hybridisation event at the
plex monolayers so densely-packed that [Fe ) was transducer-solution interface have already been described
electrochemically silentelley et al., 1999 with respect to graphite-based DNA hybridisation sensors.

A mixed self-assembled monolayer of alkanethiol-modi- However, the use of different hybridisation accelerators,
fied DNA capture probes, alkanethiol-terminated polyethy- covalently-modified oligonucleotides or new strategies to
lene glycols (that served as insulators for the surface) anddetect single-point mutations are highlighted below.
highly conjugated, alkanethiol-terminated phenylethynyl  Extreme hybridisation conditions were describedXy
molecular wires (that provided a pathway for electron trans- et al. (2001)Besides high ionic strength hybridisation buffer
fer between labelled reporter probes and gold electrode(e.g. 5x SSC (1x SSC: 150 mmol/I NaCl; 15 mmol/l sodium
surface), was described dymek et al. (2001) An array citrate)), the use of 45% (v/v) of formamide and 5% (w/w)
of 14 gold electrodes (each of 250 or 50® diameter) in sodium dextran sulfate were reported. Formamide is known
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to decrease the melting temperature of nucleic acid duplexes3.3. Labelling and electrochemical investigation
thus allowing efficient hybridisation at lower temperatures of the surface
(Hames and Higgins, 19850n the other hand, dextran
sulfate is an inert polymer that, by excluding the DNA from Labelling methods and electrochemical approaches to
its own volume occupied in solution, effectively increase detect the hybridisation event are similar to those described
the concentration of DNAHames and Higgins, 1935 for use with graphite-based sensors. The use of faradic
Covalently-modified signaling probes have been used impedance spectroscopy for probe biorecognition, however,
in different sandwich-type hybridisation assaySdmek was a major innovation.
et al.,, 2001; Yu et al., 2001; Nakayama et al., 200the
remarkable similarity of melting profiles of unmodified 3.3.1. Intercalative compounds/groove binders
and ferrocene-labelled duplexes indicated that the metal Hashimoto et al. (1994bjeported the detection of a
complex does not alter the hybridisation properties of the 4.2kbp linearised plasmid carrying thest fragment of
corresponding oligonucleotid®&{ et al., 200}. Only slight oncogene vnyc. The linear-sweep voltammetric measure-
differences in the duplex melting curve were observed, ment of the redox-active, minor groove binder, Hoechst
also for anthraquinone-labelled DNAKdrtesz et al., 33258, allowed a detection limit of 163g/ml of target
2000. sequence. The same group also reported the indicator-based
A slow thermal annealing through the melting temperature (Hoechst 33258) detection of HBV genome DNA in clini-
of the duplex has been reported to increase the efficiency ofcal samplesHashimoto et al., 1998 The sensitivity of the
the hybridisation process b¢ertesz et al. (2000 prelim- disposable DNA sensor was first estimated using a recom-
inary thermal denaturation of target sequences can also bebinant plasmid pYRB259 containingBanH| fragment of
necessary when DNA secondary structures are highly prob-HBV DNA. A detection threshold of 18-10° copy/ml was
able. reported. The DNA sensor was then applied for the detec-
Reliable detection of mismatched base-pair is the main tion of HBV DNA in samples extracted from patients’s
challenge for DNA hybridisation sensors. Mismatch dis- era. The concentrations determined by the electrochemical
crimination has usually been achieved by relying on the method were in good agreement with those obtained by a
different thermal stability of full matching and mismatch- conventional nucleic acid quantification method (competi-
ing duplexes. Such temperature-dependent mismatch distive polymerase chain reaction).
crimination has been reported for DNA-DNA duplexes =~ Umezawa and co-workers developed a new ion-channel
by Takenaka and co-worker#liyahara et al., 2002 for protocol for indirect biosensing of DNA hybridisatioAdki
PNA-DNA duplexes by Umezawa and co-workefsoki et al., 2000. The system relied on the electrostatic sup-
et al., 2009 and even for human amplified DNA genotyp- pression of the cyclic voltammetric signal of the diffusing
ing by Umek et al. (2001) On the contrary, Barton and hexacyanoferrate Il redox marker, due to the hybridisation
co-workers’ approach was completely different. Both native between the neutral PNA probe and the negatively-charged
and mutant test strands were allowed to associate with thetarget DNA. High specificity towards mismatch oligonu-
capture probe under strongly hybridising conditions. Mis- cleotides was observed and the sensitivity (micromolar
match discrimination was then accomplished not by relying level) required some improvement.
on the different thermodynamic stability of the duplexes, A new strategy for the electrochemical detection of single-
but measuring a change in electronic coupling within the base mismatches, based on DNA-mediated electron trans-
base-pair stackkglley et al., 1999a; Boon et al., 2000 fer, was developed by Barton’s grouKeglley et al.,
Several authors have reported the electrochemical analy-19993. The presence of mismatches within the immobilised
sis of PCR-amplified real samplelddshimoto et al., 1998;  duplexes, caused a striking decrease in the electrochemical
Miyahara et al., 2002; Umek et al., 2001; Xu et al., 2001 response of different redox-active intercalators (dauno-
Willner and co-workers even reported the direct detection of mycin, MB and [Ir(bpy)(phen)(phifi"), non-covalently
specific genomic sequences with no PCR pre-amplification bound to the top of densely-packed DNA-modified gold sur-
(Patolsky et al., 2001 Genomic DNA was simply extracted faces. Mismatch detection was accomplished irrespective of
from human blood, digested in the presence of DNase, pu-DNA sequence and mismatch identity. In order to increase
rified and diluted in the hybridisation buffer. The resulting the inherent sensitivity of the assay, the redox reaction of the
solutions were used to detect the sequences related to théntercalated MB was electrocatalytically enhanced by using
Tay-Sachs genetic disorder. potassium ferricyanide as the solution substrate. Such elec-
As already stated, amplicon sister strand re-annealing introcatalytic approach both increased the sensitivity of mis-
solution competes with hybridisation to the capture probe at match detection and provided larger absolute signals. The
the electrode surface, thus decreasing the availability of the sensitivity of this elegant assay depended on electronic cou-
amplified target sequencegmek et al. (2001gircumvented pling within the base-pair stack, rather than on the thermody-
the problem by performing asymmetric PCR (e.g. using the namics of base pairing. Thus, gold electrodes, modified with
forward and reverse primers in the 5:1 ratio), thus producing pre-assembled DNA duplexes, were used to detect the eight
an excess of single-stranded target. possible single-base mismatches (including thermodynami-
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cally stable GT and GA mismatches) as well as “hot spots” whole blood and amplified by PCR/fyahara et al., 2002
mutations in the humap53tumour suppressor genBdgon The sensitivity of the method was limited by the high indi-
et al., 2000. Furthermore, many naturally occurring DNA cator background signal attributed to the pure diffusion of
lesions (8-oxo-adenine, 5,6-dihydro thymine and deoxyu- FND toward the electrode surface. Single nucleotide poly-
racil) could be detected, despite their relatively high ther- morphisms in DNA fragments (278 bp) of exon 4 of cancer
modynamic stability and minor modifications induced in repression genp53 were identified with only modest pre-
DNA duplexes. The applicability of this technology in a cision. The higher steric hindrance of the amplified target

chip-based format was also demonstrated. Abodt the- sequence, amplicon re-annealing and the inhomogeneity of
get molecules were detected on ap3@ diameter gold commercial gold electrodes were considered responsible for
electrode. such poor accuracy.

Osmium-5,6-dimethyl-1,10-phenanthroline, [Os(5,6-dm-  Chambers and co-workers proposed a different approach
phenx]?*, has been proposed as the hybridisation indicator for the detection of DNA hybridisation based on the sur-
by Maruyama et al. (2001ij conjunction with the Ostery-  face tritation of DNA-modified gold electrodes with a thiol-
oung SWV pulse technique. The 20-mer target DNA was tethered anthraquinoneKértesz et al., 2000 In this
detected linearly in the range%< 10~1°t0 6.9x 10~° g/ml. method, a thiol-modified 20-mer probe or the corresponding
No detectable increase in the indicator response was meaDNA duplex were immobilised onto bare gold electrodes,
sured when the mismatched sequence was incubated withreated with the MCH spacer and, finally, with a thiol-
the probe-modified surface. tethered anthraquinone. Subsequent exposure of surface-

Daunomycin, as the electroactive intercalator, was confined nucleic acids to pure, warm buffer denatured the
directly added in the target sequence solutions by Fangdouble-stranded DNA, thus resulting in an increased surface
and co-workers{un et al., 1998 Thus, hybridisation and  area for a further reaction with the thiol-tethered indicator.
indicator binding occurred simultaneously. Target sequenceA marked increase in the anthraquinone signal, observed
detection was achieved by measuring the cathodic peak cur-only in the case of duplex-modified electrodes, allowed
rent of daunomycin by means of linear sweep voltammetry. easy differentiation between ss- and dsDNA.

The signal was linearly related to the concentration of target

sequence between 0.1 and 0.1 ng/ml, with a detection limit 3.3.2. Enzyme labels

of 30 pg/ml. The DNA sensor was also successfully used for A biosensing method, based on the enzyme-amplified
the specific detection of a model target gene (400 bpa)AL  detection of hybridisation reaction, has been reported by

The decrease in the magnitude of the voltammetric re- Xu et al. (2001) Probe-modified gold electrodes were first
duction signal of MB was used by Ozsoz and co-workers hybridised to a biotinylated complementary sequence. The
(Kerman et al., 2002to detect the hybridisation reac- alkaline-phosphatase enzyme, conjugated with avidin, was
tion. Peak currents were found to decrease in the order:then coupled to the hybrid via the avidin—biotin complex. In
probe-modified, one base mismatched hybrid-modified andthe last step, the enzymatic cleavage of the electro-inactive
hybrid-modified electrodes. The sensitivity of the method, substrate (naphthyl phosphate) produeedapthol, which
in the ppm range, was, however, quite poor. could be detected by DPV. Significant selectivity against

Beside “classical” indicators, new electroactive indicators mismatched oligonucleotide sequences was achieved. The
have been developed for attaining higher sensitivity. Two practical usefulness of the genosensor was also demon-
classes of intercalators, bis- and threading intercalators, werestrated with PCR products (566 bp from the HBV DNA
particularly interesting as new redox indicators. The natu- plasmid) analysis. A detection limit of 0.22 nmol/l was
ral occurring bis-intercalator echinomycin, an antibiotic and reported.
antitumor agent, was reported to bind dsDNA more tightly A novel method for the electronic transduction of DNA
than usual indicatordPalecek and Fojta, 20D1 hybridisation, based on faradic impedance spectroscopy,

Takenaka’s group reported that ferrocenyl naphtalene di- was reported by Willner and co-worker8grdea et al.,
imide (FND) intercalates to DNA duplex with a threading- 1999h. Impedance spectra were recorded in the pres-
type mode, where its two substituents are projecting out in ence of [Fe(CN§]®~/4~ redox probe. As the negatively
the major and minor groove simultaneousWjiyahara et al., charged DNA probe and hybrid were immobilised and
2002. The substituents serve as anchors to prevent the dissoformed, respectively, at the electrode surface, the electro-
ciation of the ligand from double-stranded DNA; this com- static repulsion between them and the negatively charged
pound displays, on the other hand, a negligible affinity for redox probe introduced an electron-transfer resistance that
the DNA probe, since the threading mode of interaction is could be detected by faradic impedance spectroscopy.
not advantageous for single-stranded DNA. The differential A further barrier for the interfacial electron transfer
pulse voltammetric detection of FND allowed a detection was introduced by conjugating avidin molecules to the
limit of 10 zmol of 20-mer target sequence and 1fmol of a biotin-labelled target, thus confirming and amplifying the
linearised plasmid DNA carrying a part of the yeast choline hybridisation event. Applicability for the detection of
transport genelgkenaka et al., 2000The method was also  mutation relevant to the Tay-Sachs genetic disorder was
applied for the detection of DNA extracted for the peripheral demonstrated.
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A further method to amplify the electronic transduc- 3.3.3. Direct covalent labelling of DNA sequence
tion of hybridisation event involved the use of cytochrome
c, a versatile electron-transfer hemoprotein mediator for 3.3.3.1. Daunomycin. Barton’s group demonstrated that
redox-active enzymesBfrdea et al., 1999aCytochromec redox-active intercalators, bound at discrete sites within
is a positively charged protein that is effectively attracted the helix of a 15-mer duplex immobilised onto a gold
by negatively charged interfaces. The molecule itself lacked electrode, exhibited remarkably fast electron transfer over
direct electrical communication with the electrode support long distancesKelley et al., 1999h Efficient reduction of
and also the low interfacial potential at probe-modified sur- daunomycin (cross-linked to the two amino group of gua-
faces had a limited effect on the electron transfer. On the nine) was observed regardless of its position along the 15
contrary, the electrostatic attraction by the double-strandedbase-pair sequence. Charge migration through DNA helix
DNA, aligned the heme center of cytochromeén respect was found to be completely suppressed by the presence of
to the electrode surface, thus dramatically enhancing thea single-base mismatch.
electrical communication. Preliminary results showed the
easy differentiation of normal and mutated genes carrying 3.3.3.2. Ferrocene. The use of ferrocene-labelled oligonu-
the Tay-Sachs genetic disorder. cleotides for sequence-specific detection, mismatch discrim-

A sandwich-type, enzyme-linked, hybridisation as- ination and gene expression monitoring, in sandwich-type
say was also reported by Willner and co-workers. The assays has been reportedmek et al. (2001)This tech-
surface-linked, thiol-modified, capture probe 1 was reacted nology is actually used in a new, commercially available,
with the complex: target DNA-biotinylated capture probe hand-held device, the CMS eSenSbrsystem of Motorola
2. Ternary complex formation introduced a barrier to in- Inc. Unlabelled nucleic acid targets were immobilised onto
terfacial electron-transfer of [Fe(CA¥ /4~ redox probe  the electrode surface through sequence-specific hybridisa-
that could be readily detected by faradic impedance spec-tion with a thiol-modified capture probe. A signaling probe,
troscopy Patolsky et al., 199%nd/or chronopotentiometry ~ containing adenine residues modified with a ferrocene
(Alfonta et al., 200). Binding of an avidin-HRP conjugate  group, was designed to hybridise in a region of the target
to the double-stranded superstructure, further increased theadjoining the capture probe binding site. The self-assembled
electron-transfer resistance. A strong insulation of the elec- surface allowed electron-transfer only from ferrocene groups
trode surface was achieved by the HRP-mediated oxidationelectronically coupled to the gold (e.g. those involved in
of 4-chloro-1-naphtol by kO, that yielded an insoluble the ternary complex), while insulating the electrode from
product. Thus, the precipitation of this product was used unbound signaling probes. Thus, a one-step hybridisa-
to confirm and amplify the sensing process of target DNA. tion/detection protocol was developed, eliminating the need
Easy discrimination between normal and mutated gene char-to remove the excess of reagents before the interrogation
acteristic of the Tay-Sachs genetic disorder was achievedof the electrode surface. AC voltammetry was used as the
with a detection limit of 2¢< 102 pg/ml. electroanalytical method. Insertion/deletion polymorphism

Willner and co-workers also reported the detection of in intron 16 of the angiotensin converting enzynf&CE)
single-base mutations in real DNA samples with no PCR gene was detected in 192 bp DNA fragments. Amplicons,
pre-amplification Patolsky et al., 2001 A thiolated probe  obtained by asymmetric PCR (A-PCR) from humélfe
was designed to be complementary to the target DNA as fargene, were also readily genotyped by virtue of single-base
as one base preceding the mutation site. After hybridising mismatches lower thermal stability. The sequences of five
the target DNA, normal or mutant, with the sensing probe, apoptosis-regulated genefag p53 bax p21 and bcl-2)
the resulting assembly was reacted with a biotinylated nu- obtained by reverse transcription from total white blood cell
cleotide, complementary to the mutation site, in the presenceRNA, subsequently amplified by A-PCR, were finally de-
of DNA polymerase. The labelled nucleotide was, thus, tected on the electrode array. Capture and signaling probes
coupled only to the double-stranded assembly that includedwere carefully designed, in order to minimise the chance
the mutant site. Subsequent binding of avidin-conjugated al- of their direct interaction and cross-hybridisation between
kaline phosphatase to the biotinylated duplex, catalysed theamplicons and unrelated probes. Different PCR mixtures
oxidative hydrolysis of 5-bromo-4-chloro-3-indolyl phos- could be pooled loosing sensitivity but not selectivity.
phate to an insoluble derivative, thus providing a means To increase the rapidity and the accuracy of single-base
to confirm and amplify the detection of mutant. Faradic mismatch detection, two types of metal-containing signaling
impedance spectroscopy was employed as the electroanaprobes (one specific for the wild-type target, the other for
lytical method, with a detection limit of & 104 mol/ml the mutant), with two different redox potentials, were also
of target oligonucleotide. The sensitivity of the method en- developed Yu et al., 200).
abled even the guantitative analysis of polymorphic DNA A sandwich-type hybridisation assay, based on the use of
samples (related to the Tay-Sachs genetic disorder) witha ferrocene-conjugated DNA probe, has been also described
no PCR pre-amplification. Target mutants were detected by Ihara and co-workersN@kayama et al., 2002By us-
within the enormous mixture of genomic DNA fragments, ing this method and DPV as the electrochemical technique,
revealing impressive selectivity of the sensing interface.  the authors successfully detected single-base mutations in a
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19-mer target sequence. Nevertheless, sensor developmenhass production of screen-printing) and, from the electro-
was still in the earlier stage. The poor reproducibility was chemical point of view, the wide useful potential window.
attributed to some irregularities in the procedure for immo- Despite these favourable aspects of carbon surfaces, only
bilising the probe and to the inhomogeneity of commercial complicated immobilisation chemistries can lead to highly
gold electrodes. reactive DNA probe layers. Therefore, effective immobil-
isation procedures such as those reported by Mikkelsen’s
3.3.3.3. Anthraquinone.The 20-mer oligonucleotides, and Heller's groups present practical disadvantages. In
modified with anthraguinone groups tethered to th®po- general, the immobilisation of DNA probe molecules onto
sition of a uridine nucleotide have also been considered for the electrode surface with controlled quality, coverage and
electrochemical detection of DNA hybridisatioiertesz orientation is still the most critical aspect of genosensor

et al., 2000. design.
On the contrary, self-assembly of terminally thiol-labelled
3.3.4. Label-free approach oligonucleotides offers a simple and elegant method to mod-

Johansson’s group demonstrated that the decrease infy gold surfaces. This approach, extensively characterised
capacitance of a probe-modified gold electrode, accruedby Herne, Tarlov and co-workers, provides a unique probe
from the hybridisation to the complementary strand and structure flexibility that allows nearly a 100% hybridisation
the corresponding displacement of solvent molecules from efficiency. The relatively low cost of disposable printed and
the surface, can be used for monitoring with high sensi- photolithographed gold electrodes is making these kind of
tivity and speed the hybridisation everBefggren et al.,  Sensors even more attractive.

1999. In hybridisation studies performed in a flow-through The use of electroactive hybridisation indicators has
cell, as few as 25 molecules of single-stranded, 179 bp cy-shown to have severe limitations. Almost all the pro-
tomegalovirus target sequence could be detected. Negativeposed indicators bound not only the double-stranded DNA
controls, such as double-stranded cytomegalovirus targetbut also the single-stranded form, generally via electro-
sequence, single-stranded 104 bp hepatitis B virus sequencétatic interaction with the phosphate groups of the DNA
and single-stranded 207 bp tyrosinase mRNA sequence, allbackbone. Hashimoto and co-workers underlined this
gave lower responses. Despite the extremely low detectionproblem. The length of the DNA target influenced the
limits reported, the authors admitted the poor specificity indicator response since it was bound not only to the
and reproducibility for such capacitive genosensor. double-stranded part of the hybrid DNA (20 bp), but also

Hianik et al. (2001)tested the possibility of label-free to the single-stranded target. Moreover, the sensitivity of
amperometric detection of DNA hybridisation. The in- these methods was usually reduced by the high indicators
fluence of DNA probe orientation (one point attachment background signal attributed to their pure diffusion toward
versus two points attachment) was also studied. Addition of the electrode surface. Also the poor chemical stability and
complementary oligonucleotide resulted in an increase of the (geno)-toxicity of most of the indicators can not be
conductivity for the sensor containing the single-stranded ignored.
probe oriented perpendicular to the gold support (phospho- Reliable detection of mismatched base-pair is the main
rothioate group at ‘3end), while the signal decreased in challenge for DNA hybridisation sensors. Despite the limits
the case of DNA probe oriented parallel (phosphorothioate Stated above for indicator-based schemes, the approach pro-
groups at both'3and 5 terminals). Increase in conductivity =~ posed by Barton’s group and based on electronic coupling
was attributed to the increased exposure of sensor surface tavithin the base-pair stack, has to be mentioned because of
the electrolyte solution after the formation of a vertical and its elegance.
rigid duplex; the decrease, to the stepwise coverage of the To date, the use of enzyme labels to amplify the hybridi-
sensor surface and the reduced defects in sensor insulatiorsation signal seems to be the most promising approach for
Addition of non-complementary chain resulted in a slight ultrasensitive detection of specific DNA sequences, since it
decrease or no change of sensor conductivity. enables even the quantitative analysis of polymorphic DNA

samples with no PCR pre-amplification.
The use of magnetic beads has substantially solved the
4. Conclusions problem of the non-specific adsorption affecting several
biosensing protocols. Separation of the biorecognition event

Over the past decade, enormous progresses have beefrom the transduction step (at beads and electrode sur-
made towards the development of electrochemical DNA faces, respectively) is, however, in contrast with the general
biosensors. Such devices are of considerable interest due t@oncept of biosensor.
their promise for obtaining sequence-specific information in It is generally appreciated that the development of elec-
a faster, simpler and cheaper manner compared to traditionatrochemical genosensors is still at an early stage. Particu-
nucleic acid assays. lar attention has still be given to the major challenges of

To date, the widespread use of graphite-based sensors hasismatch discrimination and signal amplification. Integra-
been justified by their low cost (due to the well developed tion of multiple sensors on a single miniaturised platform
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(DNA microarray) should lead to significant advantages in oligonucleotide on a {sM-diameter microelectrode. J. Am. Chem.
terms of reliability, cost, speed and simplicity of the de- _ Soc- 121, 769-774.

. . Casegreen, S., Southern, E., 1994. Studies on base pairing properties of
tection of specific DNA sequences. Future research must deoxyinosine by solid phase hybridisation to oligonucleotides. Nucleic

be focused on the development of simple analytical Pro-  acids Res. 22 (2), 131-136.

cedures, envisioning the large-scale use of electrochemicalchaki, N.K., Vijayamohanan, K., 2002. Self-assembled monolayers as a
genosensors in hospitals and in medical practice in gen- tunable platform for biosensor applications. Biosens. Bioelectron. 17,
eral. Inexpensive and powerful electrochemical devices 1-12.

. . i .E.D. i D.N., 1990. Chemical functionality i
could play an important role in the future of molecular ©M9s®: CED. Loiacono, D.N., 1990. Chemical functionality in
self-assembled monolayers: structural and electrochemical properties.

dlagnostlcs. Langmuir 6, 682—-691.
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